For experiments concerning the formation of oil-suspended particulate matter (SPM) aggregates (OSA), oil and sediment samples were collected from Campos Basin and six stations of Paraguaçu estuary, Todos os Santos Bay, Brazil, respectively. The sediments samples were analyzed for organic matter determined by the EMBRAPA method, nitrogen determined by the Kjeldahl method, and phosphorus determined by the method described by Aspila. The oil trapped in OSA was extracted following the method described by Moreira. The experiment showed a relationship between the amount of organic matter and OSA formation and consequently the dispersion of the studied oil. On the basis of the buoyancy of OSA and the ecotoxicological effects on pelagic and benthic community, the priority areas for application of remediation techniques are Cachoeira, Maragogipe, and Salinas da Margarida because of the large amount of oil that accumulated at the bottom of the experiment flask (5.85%, 27.95%, and 38,98%; 4.2%, 17.66%, and 32.64%; and 11.82%, 8.07%, and 10.91% respectively).
Oil is the main source of global energy, whose related processes generally involve the marine environment. Because of this, there is a higher probability of accidents occurring at sea, such as oil spills from tankers, accidents on platforms, oil well explosion during operation, and local release of oil from a pipeline. Data show that about 5.66 million tons of oil, between 1970 and 2011, were released in the oceans because of these accidents (ITOPF, 2015) . The risk of pollution by oil can also occur from illicit sources during routine operations of ships, such as deballasting. Some studies have shown that oil released in these cases is about eight times higher than the amount of oil released in accidental and negligent spills (Janeiro et al., 2014) .
Negative effects are even greater when oil reaches the coast, because of its ability to reach sensitive ecosystems such as mangroves and coral reefs, leading to contamination and mortality of organisms, thereby endangering the human health and indirectly affecting social and economic processes. The severity of the effect depends on the processes involving the characteristics relatedtothespilledoil(volumeandcomposition),theaffectedarea,thetimeof occurrence of the accident, environmental and oceanographic conditions, and the method of remediation used, if any Farias et al., 2008) .
Mangroves are typically found along tropical and subtropical coastal regions,andtheyareimportantbecauseoftheirhighrateofprimaryproduction that supports a wide range of aquatic organisms (Odum and Heald, 1972; Tam et al., 1998; Liu et al., 2014; Wang et al., 2014; Tansel et al., 2015) . This ecosystem can be affected both when oil reaches the coast (as mentioned above) and by direct release of contaminants, because this ecosystem is usually situated near urban development and human activities (Wang et al., 2014) .Thedeteriorationoftheseareasiscausedbythedisorderedoccupation of coastal areas and the consumption of natural resources. The grievances to the environment, by the release of contaminants into the sea and coastal water bodies, are even higher because the majority of people still think that coastal water bodies are capable of diluting contaminants to safe levels for both humans and biota (Souza et al., 2016) .
Because most contaminants that are released into mangrove swamps accumulate at the bottom, the sediment is considered both sink and source of contaminants. This source characteristic occurs due to the hydrodynamic patterns of mangroves that will always remobilize the sediment, turning contaminants available for water column and biota (Delvalls et al., 2004; Burton and Johnston, 2010; Bartoli et al., 2012; Souza et al., 2016) . Environmental factors such as grain size distribution, salinity, pH, redox potential, levels of organic matter (OM), winds, tides, freshwater input, and bioturbation will influence the retention of contaminants in the sediments, their bioavailability, and their potential toxicity (Pekey, 2006; Idris, 2008; Souza et al., 2016) .
The presence of oil in mangrove environments affects organisms through toxic actions. Reactive metabolites of some oil compounds can bind cellular proteins and DNA, leading to mutations, developmental malformations, tumors, and cancer. Several studies have shown a relationship between the occurrence of neoplasia and liver tumors in fish in the presence of some oil compounds (ICE, 2005; Soares-Gomes et al., 2010) .
Because of the large environmental damage caused by accidents involving oil and the intentional release by population, and also because of the high cost of conventional removal techniques (which are often just as harmful as the spilled oil), researchers still look for cheap and effective ways to manage contaminated areas, which do not cause secondary damage to the environment (Sun et al., 2010) .
The classical techniques of remediation and cleanup of a site contaminated by oil can be classified into mechanical/physical, chemical, and biological processes. These techniques intend to remove, disperse, or contain oil from spreading. Mechanical or physical techniques include manual removal of the contaminant, use of containment barriers, use of absorbent materials, blasting with water at different pressures, and others. The chemical methods involve the use of dispersants, which promote the breakage of oil into small droplets, causing the increase in pollutant degradation rate (CETESB, 2005) . The biological methods involve bioremediation and phytoremediation; the former consists of adding nutrients, enzymes, and/or microorganisms to the environment to accelerate oil biodegradation rate (Vidali, 2001; Agarwal and Liu, 2015) , and the latter uses plants and their associated microorganisms to clean contaminated areas (Pletsch et al., 2004; Moreira et al., 2013) .
When oil is released into the marine environment, it is immediately subjected to weathering processes, which will promote changes to the original composition of the oil by a combination of physical, chemical, and biological processes (Szewczyk, 2006) . These changes will determine the speed of degradation and the persistence of oil in the environment (Colombo et al., 2005) .
The weathering processes include, among others, the dispersion of oil droplets in the water column. The interaction of these oil droplets with suspended particulate matter (SPM) in a turbulent aqueous environment results in the formation of oil-suspended particulate matter aggregate (OSA). OSA is a microscopic structure that remains stable for weeks .
The interaction between oil and SPM occurs because of the characteristics related to oil, such as quantity, viscosity, and composition (Khelifa et al., 2002) ; sediment, such as particle size, quantity, mineralogical composition, and quantity of OM (Omotoso et al., 2002; Moreira et al., 2015) ; and the hydrodynamic characteristics of the environment, such as turbulence (Cloutier et al., 2002) , temperature (Khelifa et al., 2002) , and salinity . In fact, some studies have reported that the interactions between polar oil compounds and negatively charged particles form OSA Sørensen et al., 2013) .
The formation of OSA has been considered as a natural cleaning process in oil-spilled coasts. The longer the time the oil remains in the water column, the higher is its rate of dispersion and biodegradation, thereby preventing the droplets to adhere to the stain again, because OSA decreases the adhesive properties of the oil (Muschenheim and Lee, 2002; Omotoso et al., 2002; Owens and Lee, 2003; Gong et al., 2014) .
OSA can be classified according to their buoyancy. They can be negatively buoyant when the interaction between oil and SPM makes the aggregate denser than the water, causing OSA transportation to benthic compartment; neutral buoyant when OSA stay at the water column, which is beneficial to the environment because the longer OSA remains in the water column, the higher is the oil biodegradation rate; and positively buoyant when the arrangement between oil and SPM forms OSA with density less than water, and so they remain in the top layers of water (Gong et Because of the buoyancy, OSA can be an important tool in cases of oil spills, because they will guide the management of contaminated areas indicating the likely path of the spilled oil in the water column (Moreira, 2014; Moreira et al., 2015) . Therefore, it is important to know the mechanism of formation of aggregates in any area with potential risk of oil accidents.
This study was conducted in the Paraguaçu estuary, which is located in the western boundary of Todos os Santos Bay (BTS, acronym in Portuguese for Baía de Todos os Santos).
This estuary has both biological and social importance, because it has an extensive area of mangroves, which is one of the most productive and diverse environments in the world, besides being a source of income for people who live close to these environments (Barros et al., 2008) .
The BTS has a history of contamination related to the activities of the oil industry. The Paraguaçu estuary used to be the most preserved region of BTS, but studies have shown a gradual contamination of the area for petroleum compounds (Veiga, 2003; Celino and Queiroz, 2006; Rios, 2014) .
Contamination of Paraguaçu estuary occurs mainly because of the release of domestic and industrial effluents and the effects caused by the São Roque's shipyard. There are also indirect effects caused by the large number of oil industries in BTS (Bahia, 2009; Almeida, 2014; Rios, 2014; Pereira et al., 2015) .
The contamination situation can become worse because of the inauguration of the new Paraguaçu shipyard in 2014. Thus, it is important to know how the estuary naturally behaves in a hypothetical oil spill in the area. Therefore, this study aims to (1) evaluate at laboratory scale the capability of sediment of the Paraguaçu estuary to form OSA and (2) study the buoyancy of OSA formed in the experiment and define areas of significant ecological risks in case of oil spills.
Materials and methods

Study area
Paraguaçu River is considered the most important river in the state of Bahia. It has a drainage basin of about 55,317 km 2 and is the main sub-basin of the BTS drainage system, which has 60,500 km 2 (Genz, 2006) . This estuarine system has high value to the population inhabiting it, as it provides a source of food and income (i.e., consumption and commercialization of fish). Besides, it also harbors a large amount of fauna and flora that need to be preserved (Barros et al., 2008) . The climate of the study area is hot and humid, with the rainy season from April to September and the dry season from October to March. The estuary's area has a precipitation ranging from 1200 to 1600 mm, and the average annual temperature is 24°C, where the months from November to March have the highest temperatures, while the months from July to August have the lowest (Genz, 2006) .
Sampling and pretreatment
Fieldwork was performed on 18 July 2013, during the rainy season in the Paraguaçu estuary. Six sampling stations located near the cities of Cachoeira (P 01), Coqueiros (P 02), Maragogipe (P 03), São Roque (P 04), and Salinas da Margarida (P 05 and P 06) were selected. Two sites were selected in Salinas da Margarida, with one facing the estuary (P 05) and the other facing the BTS (P 06). These six sites were chosen on the basis of literature searches, satellite images, and maps ( Fig. 1) .
At each sampling station, three water samples were collected in 500 ml amber bottles, except P 06 because of the risk to researchers.
Composite samples of surface sediment of each station were collected. This sediment was collected manually with stainless steel spoons, homogenized in glass dishes, and stored in glass recipients. All sediment samples were collected in triplicate. The samples were transported to the laboratory in coolers and then stored in a freezer with average temperature of −20°C.
In the laboratory, sediment samples were lyophilized and disaggregated to conduct the analyses. These samples were then passed through 0.06-and 0.5-mm sieves. Samples that passed through the mesh of 0.5 mm were used for the analyses of total nitrogen determined by the Kjeldahl method (EMBRAPA, 2009); available phosphorus was determined by the method described by Aspila et al. (1976) ; and OM was determined by the EMBRAPA method (EMBRAPA, 2009) . Samples that passed through the mesh of 0.06 mm (silt and clay) were used in the experiment of OSA formation.
Water samples were filtered through glass fiber filters, which were used for the analysis of particulate organic carbon determined by the EMBRAPA method (EMBRAPA, 2009).
OSA formation experiment
The experiment of OSA formation followed the protocol proposed by Moreira et al. (2015) . It was performed in 500 ml Erlenmeyer flasks, and in each flask, 250 ml of artificial saline water was added, according to the salinity found in situ in each sampling station (Table 1) .
For each sampling station, three different concentrations of sediment, a replica of one of these concentrations, and a blank (containing only saline water and oil) were tested, that is, five samples for each station, totaling 30 samples (Table 2) . Sediment samples, as mentioned above, were treated so that its particle size would be composed of only silt and clay. After addition of the sediments, the Erlenmeyer flasks were placed in a reciprocating shaker table and were shaken at the maximum speed for 1 min, so that the sediments were hydrated facilitating cationic exchange (Khelifa et al., 2007) .
The oil used in the experiment was obtained from Campos Basin. The mass of oil added to each Erlenmeyer flask was 90 mg. Before addition to the Erlenmeyer flask, the oil was subjected to rapid stirring for 30 min to increase its fluidity.
Once saline water, oil, and sediment were added, the Erlenmeyer flasks were connected to a reciprocating shaker table and kept there for 3 h with a stirring of 126 cycles min − 1 . After stirring, the flasks were removed from the shaker table and were allowed to settle overnight, so that OSA with different buoyancies were separated by gravity. Aliquots of 50 ml were taken from the middle part and bottom of each Erlenmeyer flask to quantify OSA with neutral buoyancy and negative buoyancy. The extraction process followed the method described by Moreira et al. (2015) . Fig. 1 . Map of the Paraguaçu estuary and the sampling stations (Pereira et al., 2015) . 
Statistical analyses
Principal component analysis (PCA) and Pearson correlation analysis were the statistical tests performed to better understand how each factor influenced OSA formation. All statistical evaluations were performed using the STATISTICA 9.0 and GraphPad Software packages.
Results and discussion
Characteristics of sediments
The results of the concentration of OM in the sediment, SPM of water, organic carbon in suspended particulate matter (COP), total nitrogen (Nt) in sediment, and available phosphorus (P) in sediment are shown in Table 3 .
In the sampling stations, SPM concentrations range from 0 to 124 mg L −1 . According to Boehm (1987) , the rate of aggregation between oil and SPM is very low for SPM concentrations ranging from 1 to 10 mg L −1
; there is a considerable aggregation in the concentration range of 10-100 mg L −1 , and at concentrations N100 mg L −1 , aggregation rates are high. The large amount of SPM at P 03 indicates that this is a promising region in relation to OSA formation. There may be more efficient dispersion if a spill occurs in this area. However, this measurement was performed in the rainy season, which means that a larger load of sediment will be in suspension. Because of this, it is important to evaluate with a longer time scale, so that it is possible to affirm the exact event in the region. Another factor that influences OSA formation is the amount of OM in the sediment, especially the amount that is present in the particulate material (Gong et al., 2014; Moreira et al., 2015) . The concentrations of OM for this study ranged from 0.38% to 3.00% in the sediment and 1.23 to 3.90 mg L −1 for organic COP. These values are considered low for this type of environment, and this may be associated with a relatively high hydrodynamics in the area (Bahia, 2009; Lessa and Dias, 2009; Salles, 2010) .
The highest values of OM were found at P 05, which is located in the innermost part of the beach, facing the river. This sampling station was near a harbor for boats, which can be a source of contamination by OM (Nemr et al., 2005; Paladino et al., 2015; Lemos et al., 2015) . The lowest values were found at P 04, and can be explained by the particle size of the sediment that is more sandy than in other areas, making it difficult for OM accumulation (Gireeshkumar et al., 2013; Yang et al., 2015) .
The presence of the nutrients nitrogen and phosphorus in the sediment positively helps oil biodegradation processes, especially combined with the formation of OSA, which accelerates these processes (Bao et al., 2012; Silva et al., 2015) . The total nitrogen varied between less than the quantification limit (QL) and 0.22%, which are relatively low values. The presence of this element is mainly related to the state of decomposition of OM from the roots and leaves of mangrove, seawater, and anthropogenic contributions, as effluents from sewage (Vannucci, 2002; Pereira et al., 2015) . The available phosphorus varied between 40.93 and 230.57 mg kg −1
. The station with the highest phosphorus content was P 03, and the lowest was P 04. These values are in agreement with previous results, which indicate that Paraguaçu estuary is oligotrophic (Bahia, 2009; Pereira et al., 2015) .
OSA formation experiment
Sediment capability to form OSA
The results of the experiment of OSA formation are presented in Fig.  2 . It shows the percentage of oil dispersed by SPM (oil that formed OSA) according to the amount of oil added initially to each Erlenmeyer flask of the experiment.
At P 01, the percentage of oil forming OSA was 6.65% at sediment concentration of 50 mg L , and 40.11% at concentration of 300 mg L − 1 . At P 02, the corresponding percentages were 6.48%, 10.18%, and 16.37%. At P 03, the amounts of oil dispersion were 6.48%, 20.91%, and 36.03% at the same sediment concentrations. These values are in agreement with previous studies showing that the larger the amount of SPM available on the medium, the higher is the formation of OSA (Ajijolaiya et al., 2006; Sun and Zheng, 2009; Sun et al., 2010; Moreira, 2014) . However, the values found at P 04, P 05, and P 06 did not obey the rule that more OSA are formed with larger amount of SPM. These results can be explained by the density of the sediment used. According to Schön (1996) , three factors influence the sediment density: mineral composition, porosity, and saturation conditions. Therefore, the mineralogy of these three sediment samples may have caused them to be denser than the previous three sediments. Thus, the mixing energy used in the experiment may not have been sufficient to put these sediment samples in suspension. Consequently, the mixing energy was more important than the amount of SPM (Ma et al., 2008; Wincele et al., 2004; Trindade, 2011) .
As the Paraguaçu estuary has a relatively high hydrodynamic resistance (Bahia, 2009; Lessa and Dias, 2009; Salles, 2010) , the density of the sediment would not influence much, like in the last three experiments (P 04, P 05, and P 06), because it will always have a good amount of fine sediment in suspension, so that OSA formation can occur.
At the three sediment concentrations, increase in the amount of OSA formed with salinity was not observed as discussed in several works Sun and Zheng, 2009; Santos, 2010; Bandara et al., 2011; Gong et al., 2014) . This result showed that the sedimentary features of each station, as the amount of OM associated with the sediment, made salinity a secondary factor in the aggregation. This is in agreement with Moreira et al. (2015) .
Buoyancy of OSA
Many studies have been conducted on the factors affecting OSA formation, the conditions under which they are formed, and the potential of the sediment to form the aggregate. However, Moreira et al. (2015) attempted to evaluate the ecological risks of oil dispersed by OSA formation to the benthic environment. When OSA have negative buoyancy, because of changes in aggregate density (Stoffyn-Egli and Sterling et al., 2004) , they can be an important and dangerous vector of contamination in the benthic environment and can lead to mortality of marine animals present in this environment, because of oil toxicity and hence an ecological imbalance.
The buoyancies of OSA formed in each of the sampling stations are shown in Table 4 .
It was observed that with the sediments collected at P 04, P 03, and P 06, there was a higher amount of OSA with neutral buoyancy than the sediments of the other three stations. OSA with neutral buoyancy are the most beneficial to the environment, because the longer the OSA remain in the water column, the higher is the oil biodegradation rate (Lee et al., 1996; Weise et al., 1999; Muschenheim and Lee, 2002; Owens and Lee, 2003; Gong et al., 2014) .
The largest amount of OSA with neutral buoyancy in these stations should be related to the way in which oil droplets and the SPM are POC = particulate organic carbon; OM = organic matter; Nt = total nitrogen; P = available phosphorus; SPM = suspended particulate matter; bQL = less than quantification limit.
arranged within the OSA, making much of the OSA to have a density close to that of water (Stoffyn-Egli and . In a hypothetical case of oil spill in the area, on the basis of the results of this study, the priority actions for remediation should be employed first at P 01, since this station has the highest chance of contamination risk to the benthic environment.
To make a more accurate diagnosis of the area, it would be important to conduct an experiment on a larger scale to confirm that the behavior of these OSA would be the same in a larger water column.
Statistical treatment
PCA and Pearson correlation analysis were the statistical analysis techniques used in this study to better understand how each factor influenced the formation of the OSA. The analyses were performed using STATISTICA 9.0 ® software (STATSOFT, 2009).
The PCA used in this experiment showed that the two main components could explain 71.32% of the variation in the data considered, with the first factor explaining 53.09% and the second explaining 18.23%.
The values of OM, phosphorus, nitrogen, clay, silt, salinity, OSA formed in the column (at concentrations of 50, 200, and 300 mg L −1 ), OSA formed at the bottom (at the same concentrations), and the total OSA (at the same concentrations) are represented in Fig. 3a .
There was a strong positive influence on the amount of silt and clay in the OSA formation and a strong negative influence on salinity, mainly at the bottom, which were the ones that formed more OSA. Salinity promotes the formation of OSA, because with a higher concentration of ions available in the environment, there is more interaction between the sediment particles and oil droplets (Sun and Zheng, 2009; Bandara et al., 2011; Gong et al., 2014) . However, it was seen that for this experiment, salinity was not the main factor of OSA formation; hence, this factor had a negative correlation. The amounts of silt and clay are important as they are the smallest fractions of the sediment, and OSA are better formed with these fractions because of the higher specific surface area (Sun and Zheng, 2009) .
OSA formed at the bottom and total OSA, at concentrations of 200 and 300 mg L −1 , are associated with the presence of OM and phosphorus in the sediment. The presence of OM increases the amount of aggregates, because it increases the strength of the interaction between hydrocarbons and sedimentary particles due to the chemical affinity (Muschenheim and Lee, 2002) . OM can also increase the sediment density, so that it has negative buoyancy.
OSA formed at the bottom and total OSA, at a concentration of 50 mg L −1 , were not well represented in the PCA plot. The formation of the column OSA at all three sediment concentrations had no correlation among geochemical variables tested, and it can be attributed to the mineral composition of the sediment, which will influence the internal structure (arrangement) of the OSA, causing it to have a density close to that of saline water (Stoffyn-Egli and .
From a combined interpretation of Fig. 3a and b , it is possible to establish a relationship between geochemical parameters and sediment of each sampling station. The formation of OSA in P 02 and P 05 was mainly controlled by the amount of clay and silt present in the sediments. The sediment samples of P 03 and P 01 had higher influence of OM in OSA formation and strong correlation with bottom OSA and total OSA, as more aggregates were formed in these two stations. However, P 04 did not have any influence on the geochemical parameters that were analyzed, but had a strong correlation with column OSA. Finally, P 06 was influenced by salinity in the formation of OSA.
The analysis of Pearson correlation (Table 5) showed that bottom OSA and total OSA at sediment concentration of 200 mg L −1 correlated positively and highly with OM, which makes sense because the amount of OM influences the formation of aggregates, in accordance with the above discussion. Total and bottom OSA at concentration of 300 mg L −1 were also correlated with OM, but not as strong as that at the concentration of 200 mg L −1 (Muschenheim and Lee, 2002) .
Silt fraction had a positive correlation with total and bottom OSA at the concentration of 200 mg L −1
, and a weaker but significant correlation with the total and bottom OSA at the concentration of 300 mg L −1 . Since the sediment that was used in the experiment had higher silt concentrations than clay concentrations, OSA were preferably formed with silt, which is also capable of forming aggregates (Sun and Zheng, 2009; Silva, 2014; Moreira, 2014) . Total OSA at all sediment concentrations had a strong positive correlation with bottom OSA in all concentrations, reaffirming the tendency of the experiment to form OSA with negative buoyancy (Moreira, 2014) .
Conclusions
The sedimentary samples collected in Paraguaçu estuary have little capability to form OSA because of their geochemical and textural characteristics. Still, the station with the highest capability to form OSA was P 01, followed by P 03, P 06, P 02, P 04, and P 05.
The experiment tends to form OSA with negative buoyancy; however, as the water column in the Erlenmeyer is very small compared to that in the estuary, it is possible that much of OSA that settled at the bottom in the experiment remain in the water column of an estuarine environment long enough for biodegradation, before the oil reaches the benthic environment.
Sites that formed a considerable amount of OSA with neutral buoyancy have a good chance to recover naturally, because of the increase in biodegradation rates related to the formation of OSA, so they would not be priority areas when remediation actions were taken in the affected areas. The places where OSA are formed with large negative buoyancy should be the first areas for application of containment and remediation measures in order to avoid heavy losses in local diversity, generating major ecological imbalances.
Thus, because of the ecological risks, the priority areas for the application of remediation techniques would be P 01, P 03, and P 06, followed by P 02, P 04, and P 05. . Bold values are the most significant correlations for this study.
